Evidence from preclinical, epidemiological, and human studies indicates that inflammation, and in particular elevated interleukin-6 (IL-6) activity, may be related to clinical manifestations and pathophysiology of schizophrenia. Furthermore, studies in preclinical models suggest that decreasing IL-6 activity may mitigate or reverse some of these deficits. The purpose of this trial was to test whether an IL-6 receptor antibody, tocilizumab, would improve residual positive and negative symptoms and cognitive deficits in schizophrenia. We randomized 36 clinically stable, moderately symptomatic (i.e., Positive and Negative Syndrome Scale (PANSS) 460) individuals with schizophrenia to 3 monthly infusions of 8 mg/kg tocilizumab or placebo (normal saline). The primary outcome was effect at week 12 on the PANSS Total Score. Effects on the MATRICS, other PANSS subscales, Clinical Global Impression, and Global Assessment of Functioning were secondary outcomes. There were no observed treatment effects on any behavioral outcome measure. Baseline C-reactive protein (CRP) or cytokine levels did not predict treatment outcome, nor were there correlations between changes in these inflammatory markers and the measured outcomes. As expected, IL-6 and IL-8 increased, while CRP decreased, in the tocilizumab group compared with the placebo group. This study did not reveal any evidence that an IL-6 receptor antibody affects behavioral outcomes in schizophrenia. One potential explanation is the lack of capacity of this agent to penetrate the central nervous system. Additional trials of medications aimed at targeting cytokine overactivity that act directly on brain function and/or treatment in early-stage psychosis populations are needed.
INTRODUCTION
Links between in utero early life, infection, and inflammation and the later development of schizophrenia (SZ) have been postulated for years. Initial studies using ecologic data on epidemics of infection reported associations between second trimester influenza exposure with SZ (Adams et al, 1993; Brown and Derkits, 2010; O'Callaghan et al, 1991) . Subsequent birth cohort studies further identified associations between SZ and early pregnancy exposure to infectious agents, including influenza (Brown et al, 2004) , herpes simplex virus type 2 (Buka et al, 2001 (Buka et al, , 2008 , and Toxoplasma gondii (Brown et al, 2005; Mortensen et al, 2007) . Several models have attempted to explain how prenatal or lifetime infection increase the risk of SZ (Brown and Derkits, 2010) . The most parsimonious of these suggests that there are common effects of infection that may increase the risk of SZ (Brown and Derkits, 2010) . The induction of proinflammatory cytokines, a family of soluble proteins, are considered to be one of the most likely candidate mediators (Gilmore and Jarskog, 1997) that have an important role as the systemic mediators of host response to infection (Brown and Derkits, 2010) . These molecules, which include interleukin-6 (IL-6), can be produced in the CNS, have numerous effects on both glial and neuronal components of the CNS and alter both normal and abnormal brain development (Benveniste et al, 1990; Frei et al, 1989; Gilmore and Jarskog, 1997; Hopkins and Rothwell, 1995; Rothwell and Hopkins, 1995) . IL-6 in particular is implicated by preclinical studies that show that offspring of rodents exposed to prenatal infections, IL-6, or agents that evoke robust, antipathogen immune responses (e.g., lipopolysaccharide) develop behavioral (e.g., hyperlocomotor), electrophysiological (e.g., deficits in prepulse inhibition), and biochemical (e.g., elevated IL-6 levels) effects characteristic of SZ, which are either mitigated by treatment with anti-IL-6 agents or prevented in IL-6 knockout animals (Ashdown et al, 2006; Borrell et al, 2002; Fortier et al, 2004; Patterson, 2009; Samuelsson et al, 2006; Smith et al, 2007) . Therefore, cytokines, and IL-6 in particular, may mediate the association between infection and SZ.
There is also substantial evidence from studies in patients that supports a connection between alterations in IL-6 levels, as well as abnormalities in inflammation, to SZ. Miller et al (2011) reported, in a meta-analysis, that IL-6 levels were elevated in the plasma of both first-episode (effect size = 1.4) and acute relapsed (effect size = 0.96) patients, whereas IL-6 levels significantly decreased after treatment (effect size = − 0.31) (Miller et al, 2011) . These data suggest that IL-6 is a state marker of SZ, normalizing with treatment. Evidence from studies in which antipsychotic medications were added to blood from healthy control subjects that had been stimulated by toxic shock syndrome toxin, and therefore had elevated IL-6 levels, had no effect on plasma IL-6 levels (Himmerich et al, 2011) , further suggesting that the effects of antipsychotic treatment on IL-6 levels in SZ reported by Miller et al (2011) are specific to SZ, and may be related to an ongoing, underlying persistent inflammatory process that can be ameliorated by treatment.
Treatment studies of anti-inflammatory agents such as celecoxib (Akhondzadeh et al, 2007; Muller et al, 2002 Muller et al, , 2010 and aspirin (Laan et al, 2010) as add-on treatment to antipsychotic agents revealing improvements on the Positive and Negative Syndrome Scale (PANSS) and Clinical Global Impression (CGI) scales also support the development of treatments aimed at reducing inflammation.
In spite of these promising findings, it is notable that symptom improvement in these studies was modest (Nitta et al, 2013) . Moreover, these anti-inflammatory medications target cyclooxygenases, leading to reductions in prostaglandins. In contrast to cytokines, there is no direct evidence of associations between cyclooxygenases and prostaglandins in SZ. Consequently, pharmacologic agents that potently inhibit the activity of specific cytokines, in particular IL-6, represent a novel approach to the treatment of SZ and may offer greater therapeutic benefit. Advances in the treatment of rheumatologic diseases have made the investigation of such treatment now possible.
Tocilizumab (TCZ; Actemra©) is FDA approved for rheumatoid arthritis in individuals who have not responded to at least one TNF-α therapy, and for juvenile idiopathic arthritis. TCZ is a humanized monoclonal antibody against the IL-6 receptor and is administered as a once monthly intravenous injection. Its benefit for rheumatoid arthritis symptoms is dose dependent and may occur within 1 week of treatment (Burmester et al, 2011; Smolen et al, 2007) , although the effects of immunologic agents on cytokine profiles in rheumatoid arthritis are quite variable (Amital et al, 2007; Wright et al, 2012) . Importantly, the IL-6 receptor is also particularly suited as a target for treatment development in SZ and in general due to the existence of a soluble IL-6 receptor (i.e., that uses 'trans' signaling) in addition to a typical membrane-bound receptor (i.e., that utilizes 'cis' signaling). This lends several advantages to the IL-6 system, including protecting IL-6 and activating cells that would not otherwise respond to IL-6 (as reviewed in Jones et al, 2011) . Recent evidence supports this approach of using a cytokine antagonist for psychiatric illness. Infliximab, a TNF-α antibody, was administered intravenously at baseline, 2 weeks, and 6 weeks to individuals with treatment resistant depression. While infliximab did not show overall improvement on depressive symptomatology compared with placebo, there was an association between increasing baseline C-reactive protein and response to infliximab in treatmentresistant depression (Raison et al, 2012) . Although infliximab is not known to cross the blood-brain barrier (BBB), this study indicates that direct action on the CNS is not necessary for a behavioral response to the medication. Therefore, in this trial, we examine whether an IL-6 receptor antibody, TCZ, would improve residual positive and negative symptoms and cognitive deficits in SZ.
MATERIALS AND METHODS
All procedures were approved by the Institutional Review Board of the New York State Psychiatric Institute (NYSPI) at the Columbia University Medical Center between March 2014 and January 2017. All subjects provided written, informed consent for inclusion in this study. Subjects were 36 medically healthy, adult (age 18-59 years) patients with SZ or schizoaffective disorder who were stably treated for at least 1 month without changing their dose of antipsychotic medication. They had a baseline PANSS of 460. Concomitant medications were permitted as long as patients were on stable doses for at least 1 month. Subjects could not have been taking clozapine or any medication that has a potential for neutropenia or thrombocytopenia, nor could they have had any chronic inflammatory disorder or have had any recent or severe infectious condition. Individuals with autoimmune diseases were excluded, as well as individuals with any substance use (confirmed by urine toxicology at each visit). One subject in each group was taking a baby aspirin. No other anti-inflammatory medications were taken by any subject in this trial. One subject in the TCZ group changed their dose of antipsychotic from 2 to 5 mg of Abilify. There were no other changes in psychotropic medications for the duration of the trial.
Randomization, Masking, and Assessment Procedures
Baseline assessments (see 'Assessments' below) were completed within 2 weeks of the first study drug administration. After the baseline procedures, patients were randomized 1:1 in a double-blind design to placebo or 8 mg/kg TCZ (max dose 800 mg). This dose was chosen to maximize target engagement. While the recommended starting dose of TCZ is 4 mg/kg, we chose to use 8 mg/kg as a starting dose to maximize target engagement since all subjects were receiving a maximum of three doses. Randomization was not stratified. The dose of TCZ or placebo was decreased as necessary for tolerability.
After randomization, each subject received three monthly doses of TCZ or placebo. At weeks 2, 4, 8, and 12, all subjects completed the assessment battery (see below) and had safety assessments (i.e., blood, urine, EKG, EPS rating scales).
TCZ/Placebo Administration
Study drug was administered in 100 cm 3 normal saline as a constant intravenous drip over 60 min. The subjects received constant monitoring by an ACLS-certified physician during the infusion and for 60 min afterwards, to monitor for allergic reactions. Blood pressure and heart rate were obtained before and right after the infusion. Before each infusion and at week 12, blood samples were obtained for CRP (C-reactive protein), GM-CSF (granulocyte-macrophage colony-stimulating factor), IFN-γ (interferon-γ), TNF-α (tumor necrosis factor-α), IL-1b, IL-2, IL-6, IL-8, IL-10, IL-12, and IL-17a.
Assessments
The primary symptom assessment was the PANSS, which assesses severity of positive, negative, and cognitive symptoms in SZ (Kay and Sevy, 1990) , with secondary measures of the Global Assessment of Functioning (GAF) scale (Revheim and Medalia, 2004) , which is a clinician-rated measure of symptom severity and role function, and the CGI-Severity and -Improvement Scales (CGI-S and CGI-I) (Guy, 1976) , which are clinician-rated measures of overall clinical status. Cognition was assessed using the MATRICS consensus cognitive battery (Green et al, 2004; Marder and Fenton, 2004) . Safety was assessed with laboratory evaluation, physical examination, EKG, the SAFTEE (Levine and Schooler, 1986) to assess general side effects, the Simpson Angus Scale (SAS) to assess extrapyramidal symptoms (Simpson and Angus, 1970) , and the Columbia Suicide Severity Rating Scale (C-SSRS) (Posner et al, 2011) for suicide risk. The clinical trial was monitored by an independent DSMB.
Data Analysis
The primary outcome measure was total PANSS score. Secondary outcome measures correspond to the other assessments described above.
Linear mixed-effects models were used to assess the effect of treatment on each outcome measure. Each outcome was modeled as a function of the baseline value of the outcome, visit time, and treatment group. Each model included a random intercept (Fitzmaurice et al, 2004) to account for the within-subject correlation among repeated measures. To investigate potential moderating effects of the baseline cytokine measures, similar mixed-effects models were fit that additionally included baseline cytokine value and baseline cytokine value × treatment group interaction terms. Baseline cytokine measures were log-transformed before entering the models. PROC GLIMMIX in SAS was used to conduct these analyses.
Cytokine value (log-transformed) change scores were calculated at each assessment timepoint during the study by subtracting the baseline measure from each subsequent measure. The change scores were compared between the treatment groups at each post-baseline time point via twosample t-tests.
All analyses were conducted based on the intent-to-treat (ITT) principle. All statistical tests were two-tailed and employed an α significance level of 0.05.
This trial was registered at clinical trials.gov (NCT02034474; https://clinicaltrials.gov/ct2/show/NCT02034474).
RESULTS
As shown in Figure 1 , of the 58 subjects enrolled in this trial, 37 were randomized, one was excluded due to use of marijuana during the trial, and thus 36 were included in the ITT analysis. Psychotropic medications taken by the control subjects included: haloperidol (2), aripiprazole (4), olanzapine (2), perphenazine (1), paliperidone (1), fluphenazine (1), quetiapine (3), and risperidone (4). Psychotropic medications taken by the TCZ subjects included: chlorpromazine (1), (3), risperidone (4), olanzapine (3), aripiprazole (4), haloperidol (2), ziprasidone (1), trazodone (1), lithium (1), sertraline (1), paliperidone (1), and quetiapine (2). The demographics of the complete ITT sample are provided in Table 1 . Treatment groups were comparable with respect to demographic factors, behavioral measures, and cytokine values.
Tocilizumab in schizophrenia
There were no significant treatment effects for any of the behavioral outcomes (PANSS including positive and general subscales, MATRICS including subscales, CGI, GAF), with the exception of a significant treatment effect on the PANSSnegative subscale such that those on TCZ scored 1.93 points higher on average over time than those in the placebo group (p = 0.044). Additional analyses investigating PANSS total change score showed a significant reduction in the placebo group at week 2, with an average decrease of 9.88 (SD = 11.74), while there was little to no change in the TCZ group (p-value for difference in the groups' change scores at week 2 = 0.007). For descriptive purposes, we include Supplementary Table 1 that gives the raw mean (SD) values for each behavioral outcome measure at each visit as well as raw mean (SD) change score from baseline at each post-baseline visit. P-values, based on Wilcoxon's signedrank tests, for testing within-group changes from baseline at each post-baseline visit are provided for each group. Pvalues, based on Wilcoxon's rank-sum tests, for testing between group differences in mean change scores are also provided.
The models that included the interaction between baseline cytokine measures and treatment revealed several cytokine measures that may be potential moderators of treatment effect with respect to the primary and secondary outcomes. Table 2 shows each outcome with its corresponding treatment effect moderator for those models in which the interaction between baseline cytokine measures and treatment was significant at the 0.05 level. In Table 2 , Placebo Slope gives the effect of the baseline cytokine value on the outcome for those treated with placebo and TCZ Slope gives the same for those treated with TCZ. The table shows, for example, that for those on placebo, a one-unit increase in baseline GM-CSF (on log-scale) corresponds to a decrease of 1.54 in PANSS total on average over time, whereas for those on TCZ, a one-unit increase in baseline GM-CSF (on logscale) corresponds to a decrease of 8.79 in PANSS Total on average over time. Other rows of the table can be interpreted similarly. We note that none of these interactions are significant after correcting for multiple testing based on the number of models fit and tests conducted. We present the results for descriptive purposes.
There was no evidence of differences in relationships (as measured by Pearson's correlation coefficients) between change in CRP (log-transformed) from baseline to 12-week follow-up and change in any of the behavioral measures from baseline to 12-week follow-up between treatment groups.
Finally, as expected, IL-6 and IL-8 levels significantly increased in the TCZ group over time, and CRP levels decreased over time, while these measures remained unchanged from baseline over time in the placebo group (Table 3) . There were no differences in the changes in levels of the other cytokines over time between the treatment groups.
Tolerability and Adverse Effects
TCZ and placebo were well tolerated and all adverse events were mild. In the placebo group, one subject developed an upper respiratory tract infection and a postinfectious asthma that was treated with prednisone, and one patient developed a tooth infection requiring treatment with antibiotics. One subject in each group was hospitalized for worsening schizophrenia. In the TCZ group, one patient developed nausea and one fatigue. All adverse events fully resolved within days. Regarding effects on neutrophil counts, two individuals in the placebo group had absolute neutrophil counts (ANC) that dropped into the 1000-2000 cells/μl range (one decreased his placebo dose from 8 to 4 mg/kg and the other withdrew). Two individuals in the TCZ group had ANCs that dropped into the 1000-2000 cells/μl range (both decreased their study drug dose from 8 to 4 mg/kg). Another subject in the TCZ group developed agranulocytosis (ANC of Placebo Slope (SE) and Tocilizumab Slope (SE) give the estimated effects of the specified baseline cytokine on the specified outcome in the placebo and tocilizumab groups, respectively. P-value is for the baseline cytokine × treatment interaction term in the moderator model. 400 cells/μl) after two doses of study drug and was withdrawn from the trial. No subjects had any clinical sequelae from their decreases in ANC and all ANC returned to normal without additional intervention. One subject in the TCZ group was discontinued due to elevated liver function tests and another had elevated liver function tests, remained in the trial, and decreased their dose of study drug from 8 to 4 mg/kg. No subjects had any clinical sequelae from their elevations in liver function tests and all liver function tests returned to normal without intervention.
DISCUSSION
This clinical trial of the effects of an IL-6 receptor antibody on positive and negative symptoms and cognitive deficits in SZ was negative. There were no main effects of treatment nor were there drug-related effects correlated with CRP or cytokine levels at baseline or during treatment. While other trials examining the effects of anti-inflammatory agents such as celecoxib (Akhondzadeh et al, 2007; Muller et al, 2002 Muller et al, , 2010 and aspirin (Laan et al, 2010) have been performed, this was the first controlled, clinical trial of an agent that specifically targets a cytokine in SZ, and is consistent with a recent open-label trial of 4 mg/kg TCZ in five subjects with SZ that observed no significant improvement in psychopathology scores (Miller et al, 2016) . These results are also consistent with recent PET studies of neuroinflammation showing equivocal results in studies comparing high risk, first episode, and chronic patients with control subjects (Bloomfield et al, 2016; Collste et al, 2017; Hafizi et al, 2017a, b; Kenk et al, 2015) . The rationale for using an IL-6 receptor antibody in SZ is well supported by previous work. Behrens et al (2008) hypothesized a connection between IL-6 and the psychotomimetic effects of ketamine. They found that, in mice, ketamine disrupts parvalbumin containing interneurons (PV+), aberrations of which have been implicated in SZ (Lewis et al, 2005) through activation of NADPH oxidase (Behrens et al, 2007) , an effect that was mimicked by IL-6 administration and reversed by neutralization of NADPH oxidase (Behrens et al, 2008) . Ketamine administration also induces expression of IL-6, and IL-6 antibodies abolish the effects of ketamine on PV+ interneurons (Behrens et al, 2008) . The authors also reported that, in IL-6 knockout mice, ketamine did not alter PV+ interneurons nor did it activate NADPH oxidase. These findings suggest that IL-6 may be a mediator of the deleterious effects of ketamine on PV+ interneurons, which are critical in the regulation of pyramidal cell activity and possibly more directly in cognitive processes such as working memory (Lewis et al, 2005) . Knocking out or neutralizing IL-6 would be expected to mitigated these abnormalities, further supporting IL-6 as a prime target for drug development in SZ.
One potential reason for the negative results is that TCZ does not cross the BBB. However, there are two main mechanisms whereby TCZ may affect CNS function. First, in the CNS, the effects of IL-6, whether of central or, less commonly, peripheral (Reyes and Coe, 1998; Schwarz, 2003) , origin, are primarily mediated by soluble IL-6 receptors, rather than membrane-bound receptors. Soluble IL-6 receptors readily cross the BBB and, when peripherally injected into mice, localize in cortico-striatal-thalamocortical circuits in the brain (Patel et al, 2012) , areas of prime importance in SZ. TCZ would bind these receptors and prevent them from traversing the BBB and exerting their effects on the CNS. Second, cytokines such as IL-6 may affect the CNS via activating a proinflammatory cascade both peripherally and centrally (Reyes and Coe, 1998) . TCZ, by binding the IL-6 receptor, would prevent this cascade and the release of other cytokines that would themselves have the ability to act on the CNS. These two mechanisms of action of TCZ would effectively neutralize IL-6 regardless of its origin (i.e., central or peripheral). Therefore, despite the inability of TCZ to penetrate the BBB, it would be predicted to effectively neutralize the effects of IL-6 in the CNS. In this trial, TCZ did clearly engage IL-6 receptors as demonstrated by its effects on IL-6 and CRP. However, whether or not its ability to engage the IL-6 receptor peripherally, and not centrally, is adequate to produce an effect in SZ remains unknown.
It may also be the case that effects of TCZ would have been observed had we examined an unmedicated, acute, and/or first episode population. This is supported by Miller et al (2011) . who reported, in a meta-analysis, that IL-6 levels were elevated in the plasma of both first-episode (effect size = 1.4) and acute relapsed (effect size = 0.96) patients, while IL-6 levels significantly decreased after treatment (effect size = − 0.31). These data suggest that IL-6 is a state marker of SZ, normalizing with treatment. Alternatively, elevated inflammatory markers in chronic SZ may not necessarily be causal. Conceivably, elevated IL-6 may have had earlier detrimental neurodevelopmental effects that are resistant to treatment, necessitating preventive therapy before illness onset, such as during the premorbid or prodromal periods. Elevated IL-6 originating during the prenatal period might reflect an infectious or inflammatory process in the mother. It is also possible that our sample size was too small to detect an effect. In particular, it is possible that enriching for elevated baseline CRP, as suggested by Raison et al (2012) , would have increased our chances of observing an effect. Additionally, the placebo response in this trial is similar to what has been observed in recent years and may have limited our ability to observe TCZ treatment effects (Kemp et al, 2010; Kinon et al, 2011; Rutherford et al, 2014) . Further, although in RA early improvements tended to persist (Burmester et al, 2011) , it is possible that improvements occurred within the first 2 weeks after the infusion (Miller et al, 2016) , although these also tended to persist. In addition, while there were no significant differences in race/ethnicity between groups, there are known biological and psychosocial differences in the epidemiology of inflammatory diseases that are important to consider (Ghodke et al, 2005; McBurney and Vina, 2012) . Finally, it is possible that a PANSS cutoff of 60 represented too mild a level of symptoms to observe an effect. In summary, we observed no effects of an IL-6 receptor antibody on positive or negative symptoms or cognitive deficits in chronic SZ. We suggest future trials of these and other biologics on prodromal or acutely ill cases populations, as well as agents with the capacity to cross the BBB.
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